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Bacteria are permanently in contact with reactive oxygen species (ROS), both over the course of their life cycle as well that present
intheirenvironment.Thesespecies causedamagetoproteins,lipids,andnucleotides,negatively impactingtheorganism.To detect
these ROS molecules and to stimulate the expression of proteins involved in antioxidative stress response, bacteria use a number
of diﬀerent protein-based regulatory and sensory systems. ROS-based stress detection mechanisms induce posttranslationalmod-
iﬁcations, resulting in overall conformational and structural changes within sensory proteins. The subsequent structural rear-
rangements result in changes of protein activity, which lead to regulated and appropriate response on the transcriptional level.
Many bacterial enzymes and regulatory proteins possess a conserved signature, the zinc-containing redox centre Cys-X-X-Cys in
whicha disulﬁdebridgeisformeduponoxidativestress.Othermetal-dependent oxidativemodiﬁcationsofaminoacidside-chains
(dityrosines, 2-oxo-histidines, or carbonylation) also modulate the activity of redox-sensitive proteins. Using molecular biology,
biochemistry, biophysical,and structure biology tools, molecular mechanisms involved in sensingand response to oxidative stress
have been elucidated in detail. In this review, we analyze some examples of bacterial redox-sensing proteins involved in antioxi-
dative stress response and focus further on the currently known molecular mechanism of function.
1.Introduction
Interference in the balance between the environmental pro-
duction of reactive oxygen species (ROS), including hydrox-
yl radicals (•OH) and hydrogen peroxide (H2O2), and the
ability of biological systems to readily detect and detoxify
them,or repair the resulting damage, are deﬁnedas oxidative
stress. Highly reactive radicals cause the oxidative damage
of diﬀerent macromolecules—proteins, DNA, and lipids—
leading to loss of function, an increased rate of mutagenesis,
and ultimately cell death. In humans, for example, oxidative
stress is involved in many diseases, such as rheumatoid ar-
thritis, autoinﬂammatory diseases, neurodegenerative dis-
eases, and cancer [1, 2]. However, the production of some
ROS (e.g., •OH)canalso bebeneﬁcial,as theyare usedbythe
human immune system to attack and kill pathogens, such as
the production of ROS by macrophages. Additionally, H2O2
isan important signalling moleculethatparticipatesin redox
signalling [3].
Sensing of ROS-mediated signals also plays a cru-
cial role in the biology of microorganisms. Bacteria, for
example, are in continuous contact with ROS generated
both endogenously, as a product of aerobic metabolism,
or exogenously during ionizing (γ) and nonionizing (UV)
irradiation leading to the production of a number of radical
and peroxide species through the ionization of intracellular
water. Industrial contaminants that are widespread in soils
and on the surfaces of plants are also sources of ROS.
Iron is earth’s fourth most abundant metal, after oxygen,
silicon, and aluminium. Its relevance for bacterial cells is
emphasized by the fact that it is involved in a wide range of
biological processes, including photosynthesis, N2 ﬁxation,2 Journal of Signal Transduction
H2 production and consumption, respiration, oxygen trans-
port, and gene regulation [4, 5]. However, in the presence
of oxygen, ferrous ions frequently result in oxidative stress
through the generation of hydroxyl radicals via the Fenton
reaction (Fe2+ +H 2O2 −→ Fe3+ +
•OH+
−OH). Therefore,
bacteria have developed a variety of diﬀerent mechanisms
to ensure that iron is suﬃciently accessible as well as being
maintained in a nontoxic form [4]. They possess high-
aﬃnity iron transport systems (i.e., siderophores and mem-
braneiron transporters) thatenableiron to bescavenged.In-
tracellular iron can be stored in protein complexes (i.e., in
Dps and ferritins). Thus, the homeostasis of these ions is
tightly regulated so that their intracellular concentrations do
not reach toxic levels. Previously, it has also been suggested
that the production of hydroxyl radicals is induced by bacte-
ricidal antibiotics to kill bacteria, in which iron ions and the
Fenton reaction play a role [6], or during a wide range of
plant or human pathogen interactions. Moreover, ROS can
also be produced during the degradation of natural existing
biopolymers (cellulose, chitin, or xylan) by microorganisms
[7].Toreducethehazardouseﬀectsofiron-basedproduction
of •OH,bacteria produceproteins with an enzymatic activity
to degrade ROS (i.e., superoxide dismutases, catalases,
peroxidases, and alkylhydroperoxide reductases), other small
redox proteins (thioredoxins and glutaredoxins) as well as
low molecular-weight thiols (glutathione and mycothiol)
[8, 9]. All these cell components contribute in maintaining
a reducing environment both in the cell and in controlling
the extent of the oxidative burst.
In analogy to Fe(II) ions, other transition metals ions
[i.e.,Cu(I),Co(II),Mn(II),Ti(III),orCr(V)]arecloselylink-
edwith theproductionoffree radicalsincells[10].Although
these metal ions can be hazardous for living organisms, they
also serve as signal mediators in signalling cascades. Another
metal with high biological relevance is zinc. It is an essential
trace element that is localized in the active center or in a
structurally important site of many bacterial proteins [11].
Zinc is a cofactor for more than 300enzymes (i.e., super-
oxide dismutase and alcohol dehydrogenase). It is also a
structural element of at least 40 protein classes (i.e., RNA
polymerase and tRNA synthetases). Additionally, zinc can
protect sulfhydryl groups from free radicals and inhibits free
radical formation by competing with redox-active metals
such as iron [12, 13]. Binding of zinc as well as metal-cata-
lyzed oxidation in proteins is closely related with the pre-
sence ofredox-active cysteineresidues (e.g.,within Cys-X-X-
Cys motifs) and other metal-sensing amino acids. Moreover,
bacterial redox sensory proteins can act either as single tran-
scription regulators (e.g., FurS or Irr) displaying a sensory
and response domain within itself [14, 15], or as a part of
multicomponent systems (e.g., HbpS or ChrS) in which
sensing and response are distributed among each protein
component [16–18].
Inbacteria,thereareahighnumberofredoxsensorypro-
teins that show diﬀerent mechanism of function. Here, we
will give an overview of them and focus further on signalling
pathways in which redox-active cysteines as well as iron ions
are involved.
2.Zinc-ContainingCys-X-X-Cys Motifsas
Sensor Centres
Cysteine residues (Cys) in proteins are prominent targets for
protein oxidation, as they easily react with H2O2 and free
radicals. Oxidation of Cys by H2O2 involves nucleophilic
attack of the cysteinyl thiol group on the electrophilic center
of H2O2. Deprotonation of the Cys thiol group to generate
the thiolate anion increases its nucleophilicity, and hence
reactivity towards H2O2. These reactions are chemically
highly complex and can lead to diﬀerent sulfur oxidation
states, including thiols, sulfenic and sulﬁnic acids, thiyl rad-
icals, disulﬁde S-oxides, or disulﬁdes [19]. Disulﬁdes can be
generated between two Cys either intra- or intermolecularly
(Figure 1). The sensitivity of Cys thiol groups to oxidation
provides them with redox sensitivity, and hence the ability to
sense redox status. The molecular environment of the redox
sensitive Cys also modulates the sensing mechanism. For
example, the thiolate anion can be stabilised by proximity to
hydrogen bond donors, basic residues, and metal ions [20].
In this review, we will focus on intramolecular disulﬁdes
that are formed within Cys-X-X-Cys motifs—(X: any amino
acid)—a motif that iswidespread in bacterial sensor proteins
(Table 1). In addition to redox-sensing properties, these
motifs are often involved in zinc binding (i.e., in FurS,
H s p 3 3 ,R s r A ,R s l A ,T r x 2 ,a n dS b c C )( Table 1), and in the
stabilization of protein domains that are crucialfor function.
It can be expected that the molecular environment of Cys is
in this case also important for zinc binding.
Table 1 comprises two diﬀerent types of Cys-X-X-Cys-
containing proteins. Proteins belonging to the ﬁrst group
exhibit enzymatic function (Hsp33, ResA, DsbA, SbcC,
cytochrome c, Trx2, AhpF/AhpC, CopA, and HypA). For
example, under reducing conditions, the chaperone Hsp33
binds a single zinc ion through its C-terminal Cys-X-Cys-
X6-Cys-X-X-Cys motif. Upon oxidative stress, the four Cys
residues form intramolecular disulﬁde bridges resulting in
release of zinc accompanied by considerable conformational
changesthat leadtodestabilizationofitsC-terminus[22].As
a consequence, Hsp33 dimerises and acquires a chaperone
function to prevent protein aggregation [23]. Similarly, in
the DNA repair protein SbcC, two monomers are linked via
Cys-X-X-Cys motifs and a zinc ion, forming a functional
zinc bridge that is important for SbcC exonuclease activity
[24]. ResA—an extracellular low potential thiol-disulﬁde
oxidoreductase—was shown to maintain Cys residues of
cytochrome c in their reduced form. The thiolate species
within the heme-binding motif (Cys-X-X-Cys-His) of apo-
cytochrome c are required for covalent attachment of heme
[25].Contrary totheotherCys-X-X-Cys-containingproteins
described here, ResA does not bind zinc through this motif.
Other proteins with this signature and lacking zinc are listed
in Table 1 but are not within the focus of this review.
The second group of Cys-X-X-Cys-containing proteins is
involved in transcriptional regulation and can be subdivided
into two subtypes: proteins that either directly control
transcription (i.e., WhiB3, FurS, CatR, SoxR, and SurR) or
require further regulatory components (i.e., Spx, RsrA, RslA,
and RshA).Journal of Signal Transduction 3
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Figure 1: Formation of intramolecular disulﬁde bonds (S–S). Oxi-
dation of a cysteine thiol by H2O2 yields a sulfenic acid residue
thatcanundergoreaction withaneighbouring “backdoor”cysteine
thiol to generate a disulﬁde linkage (S–S). S–S bonds can overtime
be returned to thenative SH stateby reactions with biological thiols
(RSH). This picture was adapted from [21].
Theredox-dependentCys-X-X-Cys-containingtranscrip-
tional regulator WhiB3, from Mycobacterium tuberculosis,
has been shown to sense the intracellular redox state in the
cell, and to be required for the production of virulence pol-
yketides, including polyacyltrehaloses (PAT), sulfolipids (SL-
1), di-o-acyl-trehaloses (DATs) and trehalose dimycolates
(TDMs). WhiB3 directly regulates the expression of the fol-
lowing genes in a redox-dependent manner: pks3 (encoding
a polyketidebeta-ketoacyl synthase involvedin PAT and DAT
anabolism), pks2 (encodingapolyketidesynthase involvedin
SL-1 anabolism), and fbpA (encoding a ﬁbronectin-binding
proteinforTDMsproduction)[26].WhiB3containsaniron-
sulfur cluster [4Fe-4S]+ that under aerobic conditions is
oxidized to [4Fe-4S]2+. Further oxidative conversions result
in complete loss of this cluster [27]. Unlike the superoxide
stress sensor SoxR, the redox state of the WhiB3 iron-sulfur
cluster does not modify the DNA binding aﬃnity to target
gene promoters, but rather the redox state of the cysteine
residues is critical for DNAbinding. It was shown that, while
the reduction of Cys in WhiB3 abolishes its DNA binding
activity,oxidationinducesit.Itisnoteworthytomentionthat
reduction and oxidation in WhiB3 are reversible processes.
In the case of the zinc-containing transcriptional repres-
sor FurS from Streptomyces reticuli, it was biochemically and
spectrophotometrically shownthatH2O2-mediated disulﬁde
bond formation between Cys93 and Cys96 in FurS is accom-
panied by the release of the bound zinc ion. This leads to
conformational changes in FurS, resulting in a loss of FurS
binding to its own DNA operator sequence within the regu-
latory region of the target operon, furS-cpeB.A sar e s u l t ,t h e
expressionofthisoperonisnolongerrepressed,leadingtoan
increase in production of FurS and the mycelium-associated
catalase-peroxidase CpeB. This enhanced expression in turn
detoxiﬁes the surrounding environment of hazardous H2O2
[9, 14].
Proteins with Cys-X-X-Cys motifs are also indirectly
involved in transcriptional regulation, by interacting with
additional components. Reversible disulﬁde formation can
regulate the activity of the sigma factor R (σR)o fStrep-
Cys57
Cys54
Figure 2: An image showing the redox-sensing cysteine residues
(Cys54 and Cys57) within the crystal structure of RslA from
Mycobacterium tuberculosis (PDB: 3HUG). The coordinated zinc
ion (shown as a violet ball) strongly contributes to the overall fold
stability.
tomyces coelicolor A3(2). Here, the thiol-speciﬁc oxidant di-
amide induces σR-mediated transcription of >30 genes,
including those encoding thioredoxins and thioredoxin re-
ductases that are involved in antioxidative stress response.
However, σR does not contain any Cys and in vitro studies
have demonstrated that its transcriptional activity is not
dependent on oxidative stress. This strongly suggests that an
additional component must act as the oxidative stress sensor
[28].Indeed,researchershavecharacterisedtheproteinRsrA,
which interacts with σR and regulates its transcriptional
activity in a oxidative stress-dependet manner [29]. RsrA is
a zinc-containing and redox-sensitive antisigma factor that
possesses seven Cys, two of which (Cys41 and Cys44) are
located within a Cys-X-X-Cys motif that is important for
activity. Under oxidising conditions, a disulﬁde bond is
formed in RsrA, and this oxidized state cannot bind σR or
inhibit its transcriptional activity. Oxidised RsrA can be re-
reduced by thioredoxin and in the thiol-reduced state RsrA
reassociates with σR and blocks its transcriptional activity.
The redox sensing Cys in RsrA also coordinate zinc ions
that provide the protein with a higher structural stability,
strengthening its interaction with σR. Upon redox stress
and induction of disulﬁde bond formation, zinc is released
and RsrA undergoes conformational changes, generating a
structure that does not bind σR[30]. Structural studies of
an RsrAhomolog, RslA (Table 1)f r omMycobacterium tuber-
culosis revealed that the redox sensing and zinc binding Cys
(Cys54 and Cys57) are closely located (∼3, ˚ A; Figure 2)t o
each other and are solvent exposed in the complex, thus,
providing a structural basis for the redox sensitivity of RslA
[31]. The solvent exposed state of Cys within the Cys-X-X-
Cys motif is also an essential feature in redox sensing by
the heat-shock protein Hsp33 (Table 1;P D B :1 V Q 0 )f r o m
Escherichia coli [22].4 Journal of Signal Transduction
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Figure 3: Metal-catalyzed oxidation of histidine. The exact chemi-
cal mechanism of the iron-mediated formation of 2-Oxo-histidine
remains unclear. This picture was adapted from [34].
3.Iron-Based OxidativeStress
To assure that iron is suﬃciently accessible as well as being
maintained in a nontoxic form, bacteria have developed a
variety of protein-based protection mechanism. They em-
ploy iron-sensing regulatory proteins (i.e., PerR and HbpS-
SenS-SenR; see also Table 2) that control the expression of
proteins (i.e., H2O2-degrading enzymes such as catalases)
blocking iron-dependent damage. Upon sensing of iron-
based stress, these proteins undergo diﬀerent oxidative mod-
iﬁcations, including oxidation of histidines (Figure 3), dity-
rosine formation, or carbonylation.
Table 2 lists diﬀerent iron-sensing proteins that mostly
controlredox stress resistance systems. They can directly reg-
ulate the transcription of target genes by DNA binding to
regulatory regions (i.e., Fur, DtxR, RirA, Irr, PerR, DmdR1,
IdeR, SirR, FNR, and TroR) or utilize further regulatory
elements (HbpS-SenS-SenR; PmrA-PmrB, ChrS-ChrA, and
FecA-FecR-FecI)that mediate the adaptive response.
Iron-dependent gene regulation has been demonstrated
for the diphtheria toxin repressor (DtxR) from Corynebac-
terium diphtheriae and Corynebacterium glutamicum [35].
Binding of divalent iron ions to the global regulator DtxR
results in the transcriptional repression of a number of genes
required for iron uptake (i.e., htaA coding for a secreted
iron acquisition and transport protein), as well as for usage
and storage (i.e., hmuO coding for a heme oxygenase and
ftn coding for a ferritin-like protein). Mutational analyses
have additionally demonstrated that DtxR is also involved in
the iron-dependent expression of DNA-protecting proteins,
including Dps-like proteins that bind iron and DNA.
In Bacillus subtilis, the peroxide resistance regulator PerR
has been shown to sense metal dependent as well as H2O2-
based oxidative stress, and to regulate the corresponding
adaptive response [36]. The metalloprotein PerR is a small
dimeric protein that coordinates two metal ions per mono-
mer. One binding site binds a zinc ion, whereas the second
one a regulatory metal, either iron or manganese [37, 38].
In vivo, the regulatory metal is required for repression of the
transcription of target genes, including those ones encoding
a catalase, alkylhydroperoxide reductase, and the Dps-like
DNA-binding protein MrgA. Under H2O2-based oxidative
stress conditions, Fe2+ catalyzes the oxidation of histidines
(eitherHis37orHis91)intheregulatory bindingsiteofPerR.
This results in Fe2+ release and subsequent derepression
of PerR target genes. Analysis of electron maps density in
the crystal structure of the oxidised PerR protein (PerR-
Zn-ox) showed the presence of a 2-oxo-histidine residue
at position 37. Further, MALDI-TOF and tandem ESI-MS
studies additionally revealed the oxidation of His91 within
Per-Zn-ox [36, 38, 39]. It was concluded that the structural
conformation of PerR is dependent on the oxidation state of
the regulatory site.
Oxidativemodiﬁcationshavealsobeenshowntoregulate
the activity of the redox sensor and heme-binding protein
HbpS from Streptomyces reticuli. HbpS is extracellularly lo-
cated and interacts with the membrane-embedded histidine
autokinase SenS from the two-component system SenS SenR
[40, 41]. Analyses of the crystal structure of HbpS com-
bined with size exclusion chromatography and static light
scattering [42–44] allowed the identiﬁcation of HbpS as an
octamer. Further studies demonstrated that the octameric
assembly in HbpSis requiredfor an eﬃcient interactionwith
SenS [43]. Phosphorylation analyses also revealed that under
nonoxidative stress conditions HbpS inhibits the autophos-
phorylation of SenS, whereas oxidative stress induces the
HbpS-mediated activation of SenS [16]. After autophos-
phorylation ataconservedhistidine,SenStransfers thephos-
phate group to its cognate response regulator SenR, resulting
in SenR∼P. SenS acts also as a phosphatase of SenR∼
P. The unphosphorylated form of SenR binds to speciﬁc
sites upstream of the furS-cpeB operon (encoding for the
redox regulator FurS and the mycelia-associated catalase-
peroxidase CpeB), leading to its transcriptional repression.
Once SenR has been phosphorylated, it loses the ability to
bind to this operator, leading to a de-repression of the furS-
cpeB transcription. In addition, SenR∼P has been shown to
activate thetranscriptionofhbpS.Comparativephysiological
analyses have demonstrated that the presence of HbpS and
SenS-SenR provides S. reticuli with a defence system against
redox-stressing conditions [40, 41].
It was proposed that the switching of HbpS from its
inhibitor to activator state of SenS autophosphorylation
under oxidative stress conditions is controlled by conforma-
tional changes in HbpS. Indeed, CD spectroscopy as well as
FRET analyses revealed that after iron-mediated oxidative
stress HbpS undergoes secondary structure and overall in-
trinsic conformational changes, which are accompanied by
oxidative modiﬁcations (i.e., carbonylation and dityrosine
formation). While the sites of carbonylation have not yet
been determined, the tyrosine residues participating in di-
tyrosine formation have been identiﬁed as Tyr77. These
residues are localized in the interface of HbpS subunitsJournal of Signal Transduction 5
Table 1: Examples of proteins containingthe redox-sensing motif Cys-X-X-Cys. (∗) The references given are for the protein from the strain
listed. Sequence alignments demonstrate that highly homologous proteins are found across many diﬀerent bacterial species.
Name Strain∗ Function Zn2+-
binding
Enzymatic
function
Hsp33 Escherichia coli
The redox-regulated heat shock protein Hsp33 is a dual stress sensor
responding to peroxide stress and increased temperature.
Stress-mediated conformationalchanges result in zinc release and
activation of Hsp33 chaperone function leading to suppression of
protein aggregation [18].
Yes
Trx2 Escherichia coli
Trx2 reductase activity is controlled by a redox switch within two CXXC
motifs involved in zinc binding. Release of the bound zinc ion results in
a conformationalchange leading to the reductase activity [23].
Yes
ResA Bacillus subtilis
Substrate selection of the membrane-bound thiol-disulﬁde
oxidoreductase ResA is regulated by conformationalchanges
determined by CXXC reduction or oxidation [24].
No
DsbA Escherichia coli DsbA is a periplasmic protein oxidant for disulﬁde formation of
extracellular proteins belonging to the Dsb family [25]. No
SbcC Bacillus subtilis SbcC is a DNA repair protein with exonuclease activity [27]. Yes
Cytochrome c Bacillus subtilis The covalent coordination of heme to apo-cytochrome c requires a
reduced CXXC motif within the heme-binding motif [28]. No
AhpF/AhpC Salmonella
typhimurium
AhpC and ﬂavoprotein AhpF catalyze the pyridine
nucleotide-dependent reduction of hydroperoxide substrates. AhpC, the
peroxide-reducing component, is a scavenger of hydrogen peroxide in
bacteria, whereas the disulﬁde reductase protein AhpF regenerates AhpC
[29].
No
CopA Thermotoga
maritima
CopA, a copper transport ATPase, sustains important roles in
homeostasisof heavy metals and delivery of copper to metalloenzymes
[30].
No
HypA Escherichia coli HypA is required for nickel insertion into the hydrogenase precursor
proteins [31]. No
Transcriptional
regulator
FurS Streptomyces
reticuli
Oxidation of the transcriptional repressor FurS leads to derepression of
the transcription of the gene cpeB coding for a catalase peroxidase [6]. Yes
CatR Streptomyces
coelicolor A3 (2)
During peroxide stress, the Fur-like regulator CatR activates
transcription of catA coding for catalase A [21]. No
WhiB3 Mycobacterium
tuberculosis
WhiB3 DNA binding to control the expression of genes coding for
polyketide synthases is reversibly regulated by a thiol-disulﬁde redox
switch. Reduction of the apo-WhiB3 Cys thiols of the CXXC motif
suppresses genes regulating the synthesis of complex lipids, whereas
oxidation stimulates it [22].
No
SoxR Escherichia coli
SoxR senses superoxide stress through a CXXC-coordinated
[2Fe-2S]-cluster that results in transcriptional activation of a superoxide
response regulon [32].
No
SurR
Pyrococcus
furiosus
(Archaea)
A redox switch regulates the transcriptional regulator SurR. Oxidation
with S0 inhibits DNA binding by SurR, leading to repression of genes
related to H2 production and activation of genes involved in S0
metabolism [33].
No
Regulatory
element
Spx Bacillus subtilis
Global oxidative stress regulator interacting with the α-subunit of RNA
polymerase for transcriptional induction of genes involved in thiol
homeostasis(mrsA-mrsB operon) [19].
No
RsrA Streptomyces
coelicolor A3 (2)
Antisigma factor RsrA negatively regulates expression of the thioredoxin
system in response to cytoplasmatic oxidative stress. Under reducing
conditions, RsrA binds to σR resulting in inhibition of transcription
[20].
Yes
RslA Mycobacterium
tuberculosis
Membrane-associated RslA oxidation results in the release of bound
Zn2+ through disulﬁde bond formation within the CXXC motif. The
resulting conformationalchange leads to decreased σL binding. The
released sigma factor regulates the expression of genes involved in
cell-wall and polyketide synthesis [17].
Yes
RshA Mycobacterium
tuberculosis
RshA is an antisigma factor of the central regulator SigH that responds
to oxidative and heat stress; it functions as a negative regulator of the
alternative sigma factor SigH activity under reducing conditions [26].
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Table 2: Examples of iron-dependent redox sensor proteins in bacteria. (∗) The references given are for the protein from the strain listed.
Sequence alignments demonstrate that highly homologousproteins are found across many diﬀerent bacterial species.
Name Strain∗ Function
Transcriptional
regulator
Fur Escherichia coli Regulator with iron-dependent DNA-binding aﬃnity negatively
regulates genes involved in ferric iron uptake [38].
DtxR Corynebacterium
glutamicum
DtxR acts as a global iron-mediated regulator, activating genes
involved in iron storage and DNA protection and repressing
genes involved in iron uptake and utilization [39].
RirA Rhizobium
leguminosarum
Transcriptional regulator RirA is involved in ferric uptake
regulation by regulating genes coding for iron transport,
siderophore biosynthesis, and iron-sulfur cluster assembly[40].
Irr Bradyrhizobium
japonicum
Iron response regulator (Irr) senses iron through the status of
heme biosynthesis to regulate gene expression involved in iron
homeostasis[42].
PerR Bacillus subtilis DNA binding by the regulator PerR in response to peroxide stress
is iron dependent [51].
DmdR1 Streptomyces
coelicolor
The transcriptional regulator DmdR1 regulates genes involved in
desferrioxamine production in response to iron availability [43].
IdeR Mycobacterium
smegmatis
IdeR negatively regulates siderophore biosynthesis involved in
iron acquisition [44].
SirR Staphylococcus
epidermidis
SirR is a Fe2+or Mn2+-dependent transcriptional repressor
regulating the sitA B Co p e r o ne n c o d i n ga nA T P a s e ,ac y t o p l a s m i c
membrane protein, and the 32-kDa lipoprotein involved in
siderophore-mediated iron uptake [45].
FNR Escherichia coli
Transcription factor FNR regulates gene expression in response
to oxygen deﬁciency by its redox-sensitive bound iron. Binding of
an iron-sulfur cluster is required for a conformationalchange to
enhance DNA binding [46].
IscR Escherichia coli
[2Fe-2S]-cluster assembly regulates activity in transcription
factor IscR of genes coding for proteins involved in iron-sulfur
cluster assembly[47].
TroR Treponema
denticola
TroR is a Mn2+ and Fe2+-dependent repressor of the ATP-binding
cassette cation transport system (troABCD) regulating
manganese and iron homeostasis[50].
Regulatory
element
HbpS/SenS/SenR Streptomyces
reticuli
Iron-dependent activation/inhibition of the two-component
system SenS-SenR involved in oxidative stress response through
heme degradation and associated secondary structural changes
[8].
PmrA/PmrB Salmonella enterica
The PmrA/PmrB two-component system senses iron and
regulates the transcription of genes involved in iron resistance
[41].
ChrS/ChrA Corynebacterium
diphteriae
ChrS, the heme-sensing sensor kinase of the two-component
system ChrS/ChrA, regulates genes involved in utilization of host
heme as an iron source and in protecting the bacteria against the
toxic eﬀects of heme [48].
FecA/FecR/FecI Escherichia coli
The periplasmic protein FecR senses periplasmic iron dicitrate by
the outer membrane protein FecA which is loaded with ferric
citrate. FecR transmits the signal to the sigma factor FecI which
results in transcriptional activation of the fec-operon for ferric
citrate transport [52].
AcnA/AcnB Escherichia coli
The aconitases AcnA (induced by iron and oxidative stress) and
AcnB posttranscriptionally regulate gene expression (i.e., sodA)
by an iron-sulfur cluster-dependent switch [49].
and are located in close proximity to each other, over the
monomer-monomer interface. Interestingly, Tyr77 is situ-
ated near to a postulated iron-binding site, containing Glu78
and Glu81 within an E-X-X-E motif (Figure 4) that has been
previously characterized as an iron-binding motif [45–47].
The reported oxidative modiﬁcations in HbpS result in
the degradation, either autonomously or protease depen-
dent, of the oxidized protein [45]. A metal-catalyzed protein
oxidation accompanied by cross-linking and degradation
has been reported for the Bradyrhizobium japonicum ironJournal of Signal Transduction 7
E78 Y77
R82 E81
E78
Y77
R82
E81
Figure 4: An image showingthe arrangementof the internal EXXE
motif between two subunits (red and turquoise chain, respectively)
in the octameric HbpS (PDB:3FPV).The aminoacids Tyr77 (Y77),
Glu78 (E78), Glu81 (E81), and Arg82 (R82) are indicated.
response regulator (Irr) protein, which is involvedin the reg-
ulation of iron transport as well as of heme biosynthesis
genes [15]. It is proposed that the iron-catalyzed oxidation
with subsequent degradation of Irr is the molecular basis for
the modulation of the activity of this regulator.
The membrane-embedded sensor kinase PmrB from the
two-component system PmrA-PmrB of the pathogen Salmo-
nella enterica serovartyphimurium exhibitstwo copiesofthe
EXXE iron-binding motif. These are periplasmically locat-
edandhavebeenproposedtobeinvolvedinsensing ofextra-
cellular ferric iron. Upon iron sensing and autophosphoryla-
tion, PmrB transfers the signal to its cognate response regu-
lator PmrA, which in turn regulates Fe3+ resistance genes:
pbgP and ugd both coding for enzymes that modify the
lipid A region of lipopolysaccharide (LPS) with 4-aminoar-
abinose. The gene product of pmrC catalyzes the addition of
phosphoethanolamine to lipid A, whereas the phosphatase
encoded by pmrG targets the phosphate located in the core
region of the LPS. These modiﬁcations result in a less-
charged cell surface and diminished binding of ferric iron to
themembrane[48].Incontrasttootheriron-sensing systems
(i.e.,PerRandHbpS-SenS-SenR),PmrA-PmrBseemstopro-
tect the cell against iron toxicity independent of the simul-
taneous presence of oxygen.
Besidetheposttranslational modiﬁcations(i.e.,oxidation
of histidines, carbonylation, dityrosine formation, or S–S
bonding) that regulate iron-sensing proteins, posttranscrip-
tional regulation of gene expression in response to oxidative
stress has been reported forthe aconitases AcnAand AcnBof
Escherichia coli [49, 50]. In their holo form, both AcnA and
AcnB contain an iron-sulfur cluster, [4Fe-4S], and exhibit
enzymatic function. Under reducing conditions, they cat-
alyzetheisomerisation ofcitratetoisocitrate.Uponoxidative
stress and iron depletion, the iron-sulfur cluster is released.
The resulting apo-AcnA and apo-AcnB proteins act as RNA-
binding proteins that stabilize acnA-a n dacnB-mRNA trans-
cripts, leading to increased amount of the respective aconi-
tases that subsequently complex iron-sulfur clusters [49].
Moreover, mutational analyses have revealed that the pres-
ence of AcnA provides E. coli with enhanced resistance
against superoxide-mediated oxidative stress. Additionally,
proteomics studies demonstrated that the expression of anti-
oxidative stress-working proteins (i.e., SodA and TrxB) is
dependent on AcnA.
4.Summary
As in humans, the exposure of bacteria to ROS causes dam-
age to a variety of macromolecules, resulting in mutations
andoftenincelldeath.However,ROSmayalsobeconsidered
to be beneﬁcial compounds, as they function as signalling
molecules that lead to a coordinated response of bacteria
underredox-stressconditions.These signalscanbesensed by
redox-active and zinc-coordinating Cys-X-X-Cys centres in
proteins. Under reducing conditions, zinc stabilizes protein
structure, but the presence of H2O2 provokes the release of
zinc and the formation of S–S bridges that signiﬁcantly alter
the conformation and structure of the protein (i.e., FurS or
RsrA).Asaresult,transcriptionalactivityisaltered(byFurS),
or the ability to interact with the partner DNA-binding
protein is lost (by RsrA). In both cases, the transcription of
genes involved in the anti-oxidative stress response is ulti-
matelyactivated.The structuralbasisfortheredoxsensitivity
is given by the location of S–S-forming cysteines in the pro-
tein, namely, their solvent exposition within the three-di-
mensional structure. Importantly, reduction and oxidation
processes within Cys-X-X-Cys redox centres are reversible
and provide bacteria with an elegant switch on/oﬀ mecha-
nism.
Iron-dependent oxidative modiﬁcations (i.e., 2-oxo-his-
tidine or dityrosine formation) are also involved in ROS-
based signalling. Under H2O2-based stress, iron catalyzes the
oxidation of histidines in the peroxide resistance regulator
PerR, leading to release of iron and subsequently to de-
repression, and expression of target genes. In analogy, iron-
based stress activates the HbpS-SenS-SenR-mediated sig-
nalling cascade. HbpS is a redox sensor that upon oxida-
tive modiﬁcations undergoes conformational and structural
changes, inducing the phosphorylation cascade between the
sensor kinase SenS and the response regulator SenR. As
known for other regulators, oxidative modiﬁcations lead to
the building of covalent bonds within proteins. Such pro-
cesses are irreversible and lead ultimately to degradation of
oxidized proteins. Therefore, de novo protein biosynthesis is
required to switch oﬀ the corresponding signal cascade.
The diversity of responsive protein elements among bac-
teria correlates with the diversity in: ecological niches, life
cycles, pathogenic, and nonpathogenic character. Future ef-
forts will undoubtedly demonstrate that additional further
specialized systems exist.
Acknowledgment
The authors acknowledge the ﬁnancial support of the Deut-
sche Forschungsgemeinschaft.8 Journal of Signal Transduction
References
[1] L. Montagnier, R. Olivier, and C. Pasquier, Eds., Oxidative
Stress in Cancer, AIDS and Neurodegenerative Diseases,M a r c e l
Dekker, New York, NY, USA, 1998.
[2] P .G .W in y ar d ,D .R .Blak e ,andC .H .E v ans,E d s. ,Free Radicals
and Inﬂammation,B i r k h¨ ouser, Basel, Switzerland, 2000.
[3] H.J.Forman,M.Maiorino,andF.Ursini,“Signalingfunctions
of reactive oxygen species,” Biochemistry,v o l .4 9 ,n o .5 ,p p .
835–842, 2010.
[ 4 ]S .C .A n d r e w s ,A .K .R o b i n s o n ,a n dF .R o d r ´ ıguez-Qui˜ nones,
“Bacterial iron homeostasis,”FEMS Microbiology Reviews,v o l .
27, no. 2-3, pp. 215–237, 2003.
[ 5 ]G .R u d o l p h ,H .H e n n e c k e ,a n dH .M .F i s c h e r ,“ B e y o n dt h e
fur paradigmml: iron-controlled gene expression in rhizobia,”
FEMS Microbiology Reviews, vol. 30, no. 4, pp. 631–648, 2006.
[ 6 ]M .A .K o h a n s k i ,D .J .D w y e r ,B .H a y e t e ,C .A .L a w r e n c e ,a n d
J. J. Collins, “A common mechanism of cellular death induced
by bactericidal antibiotics,” Cell, vol. 130, no. 5, pp. 797–810,
2007.
[7] J. Duan and D. L. Kasper, “Oxidative depolymerization of pol-
ysaccharides by reactive oxygen/nitrogen species,” Glycobiol-
ogy, vol. 21, pp. 401–409, 2011.
[ 8 ]K .L i ,S .H e i n ,W .Z o u ,a n dG .K l u g ,“ T h eg l u t a t h i o n e -
glutaredoxin system in Rhodobacter capsulatus:p a r to fac o m -
plex regulatory network controlling defense against oxidative
stress,” Journal of Bacteriology, vol.186,no.20,pp. 6800–6808,
2004.
[9] P.ZouandH.Schrempf,“The heme-independent manganese-
peroxidase activity depends on the presence of the C-terminal
domain within the Streptomyces reticuli catalase- peroxidase
CpeB,” European Journal of Biochemistry, vol. 267, no. 10, pp.
2840–2849, 2000.
[10] S. J. Stohs and D. Bagchi, “Oxidative mechanisms in the
toxicity of metal ions,” Free Radical Biology and Medicine,v o l .
18, no. 2, pp. 321–336, 1995.
[11] K. Hantke, “Bacterial zinc transporters and regulators,”
BioMetals, vol. 14, no. 3-4, pp. 239–249, 2001.
[12] T. M. Bray and W. J. Bettger, “The physiologicalrole of zinc as
an antioxidant,” Free Radical Biology and Medicine,v o l .8 ,n o .
3, pp. 281–291, 1990.
[13] K. F. Smith, L. A. Bibb, M. P. Schmitt, and D. M. Oram,
“Regulation and activity of a zinc uptake regulator, zur, in
Corynebacterium diphtheriae,” JournalofBacteriology,vol.191,
no. 5, pp. 1595–1603, 2009.
[14] D.OrtizdeOru´ eLucana,M.Tr¨ oller,andH.Schrempf,“Amino
acid residues involved in reversible thiol formation and zinc
ion binding in the Streptomyces reticuli redox regulator FurS,”
Molecular Genetics and Genomics,vol. 268, no. 5, pp. 618–627,
2003.
[15] S. K. Small, S. Puri, and M. R. O’Brian, “Heme-dependent
metalloregulation by the iron response regulator (Irr) protein
in Rhizobium andotherAlpha-proteobacteria,” BioMetals,v ol.
22, no. 1, pp. 89–97, 2009.
[16] G. Bogel, H. Schrempf, and D. Ortiz de Oru´ e Lucana, “The
heme-binding protein HbpS regulates the activity of the
Streptomyces reticuli iron-sensing histidine kinase sens in a
redox-dependent manner,” Amino Acids,v o l .3 7 ,n o .4 ,p p .
681–691, 2009.
[17] D. Ortiz de Oru´ e Lucana and M. R. Groves, “The three-
component signalling system HbpS-SenS-SenR as an example
of a redox sensing pathway in bacteria,” Amino Acids, vol. 37,
no. 3, pp. 479–486, 2009.
[18] M. P. Schmitt, “Identiﬁcation of a two-component signal
transduction system from Corynebacterium diphtheriae that
activates gene expression in response to the presence of heme
and hemoglobin,” Journal of Bacteriology, vol. 181, no. 17, pp.
5330–5340, 1999.
[19] C. Jacob, I. Knight, and P. G. Winyard, “Aspects of the
biological redox chemistry of cysteine: from simple redox
responses to sophisticated signalling pathways,” Biological
Chemistry, vol. 387, no. 10-11, pp. 1385–1397, 2006.
[20] D. Barford, “The role of cysteine residues as redox-sensitive
regulatory switches,” Current Opinion in Structural Biology,
vol. 14, no. 6, pp. 679–686, 2004.
[ 2 1 ]S .S i v a r a m a k r i s h n a n ,A .H .C u m m i n g s ,a n dK .S .G a t e s ,
“Protection of a single-cysteine redox switch from oxidative
destruction: on the functional role of sulfenyl amide forma-
tion in the redox-regulated enzyme PTP1B,” Bioorganic and
Medicinal Chemistry Letters, vol. 20, no. 2, pp. 444–447, 2010.
[22] U. Jakob, M. Eser, and J. C. A. Bardwell, “Redox switch of
Hsp33 has a novel zinc-binding motif,” Journal of Biological
Chemistry, vol. 275, no. 49, pp. 38302–38310, 2000.
[23] J. Vijayalakshmi, M. K. Mukhergee, J. Graumann, U. Jakob,
and M. A. Saper, “The 2.2 ˚ A crystal structure of Hsp33: a
heat shock protein with redox-regulated chaperone activity,”
Structure, vol. 9, no. 5, pp. 367–375, 2001.
[24] J. Mascarenhas, H. Sanchez, S. Tadesse et al., “Bacillus subtilis
SbcC protein plays an important role in DNA inter-strand
cross-link repair,” BMC Molecular Biology,v o l .7 ,a r t i c l e2 0 ,
2006.
[ 2 5 ]C .L .C o l b e r t ,Q .W u ,P .J .A .E r b e l ,K .H .G a r d n e r ,a n d
J. Deisenhofer, “Mechanism of substrate speciﬁcity in Bacil-
lus subtilis ResA, a thioredoxin-like protein involved in cyto-
chrome c maturation,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 103, no. 12, pp.
4410–4415, 2006.
[26] A. Singh, D. K. Crossman, D. Mai et al., “Mycobacterium
tuberculosis WhiB3Maintainsredox homeostasisby regulating
virulence lipid anabolism to modulate macrophage response,”
PLoS Pathogens, vol. 5, no. 8, Article ID e1000545, 2009.
[27] A. Singh, L. Guidry, K. V. Narasimhuluet al., “Mycobacterium
tuberculosis WhiB3 responds to O2 and nitric oxide via its
[4Fe-4S] cluster and is essential for nutrient starvation sur-
vival,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 104, no. 28, pp. 11562–11567,
2007.
[ 2 8 ]M .S .B .P a g e t ,J .G .K a n g ,J .H .R o e ,a n dM .J .B u t t n e r ,“ σR,
an RNA polymerase sigma factor that modulates expression
of the thioredoxin system in response to oxidative stress in
Streptomyces coelicolor A3(2),” EMBO Journal, vol. 17, no. 19,
pp. 5776–5782, 1998.
[29] J .G.K ang,M.S.B.P aget,Y .J .Seoketal.,“RsrA,ananti-sigma
factor regulated by redox change,” EMBO Journal, vol. 18, no.
15, pp. 4292–4298, 1999.
[ 3 0 ]W .L i ,A .R .B o t t r i l l ,M .J .B i b b ,M .J .B u t t n e r ,M .S .B .P a g e t ,
and C. Kleanthous, “The role of zinc in the disulphide stress-
regulated anti-sigmafactor RsrA from Streptomyces coelicolor,”
Journal ofMolecularBiology,vol.333,no.2,pp.461–472,2003.
[31] K. G. Thakur, T. Praveena, and B. Gopal, “Structural and
biochemical bases for the redox sensitivity of Mycobacterium
tuberculosis RslA,” Journal of Molecular Biology, vol.397, no. 5,
pp. 1199–1208, 2010.
[32] J. F. Collet, J. C. D’Souza, U. Jakob, and J. C. A. Bardwell,
“Thioredoxin 2, an oxidative stress-induced protein, contains
ah i g ha ﬃnity zinc binding site,” Journal of Biological Chem-
istry, vol. 278, no. 46, pp. 45325–45332, 2003.Journal of Signal Transduction 9
[ 3 3 ]A .L e w i n ,A .C r o w ,C .T .C .H o d s o n ,L .H e d e r s t e d t ,a n dN .
E. Le Brun, “Eﬀects of substitutions in the CXXC active-site
motif of the extracytoplasmic thioredoxin ResA,” Biochemical
Journal, vol. 414, no. 1, pp. 81–91, 2008.
[34] K. Uchida, “Histidine and lysine as targets of oxidative
modiﬁcation,” Amino Acids, vol. 25, no. 3-4, pp. 249–257,
2003.
[35] I. Brune, H. Werner, A. T. H¨ user, J. Kalinowski,A. P¨ uhler, and
A. Tauch, “The DtxR protein acting as dual transcriptional
regulator directs a global regulatory network involved in iron
metabolismofCorynebacterium glutamicum,” BMC Genomics,
vol. 7, article 21, 2006.
[36] V. Duarte and J. M. Latour, “PerR vs OhrR: selective peroxide
sensingin Bacillus subtilis,” Molecular BioSystems,v ol.6,no .2,
pp. 316–323, 2010.
[37] A. F. Herbig and J. D. Helmann, “Roles of metal ions and
hydrogen peroxide in modulating the interaction of the
Bacillus subtilis PerR peroxide regulon repressor with operator
DNA,” Molecular Microbiology, vol. 41, no. 4, pp. 849–859,
2001.
[38] J. W. Lee and J. D. Helmann, “The PerR transcription factor
senses H2O2 by metal-catalysed histidine oxidation,” Nature,
vol. 440, no. 7082, pp. 363–367, 2006.
[39] D. A. K. Traor´ e, A. E. Ghazouani, L. Jacquamet et al., “Struc-
turalandfunctionalcharacterizationof2-oxo-histidineinoxi-
dized PerR protein,” Nature Chemical Biology,v o l .5 ,n o .1 ,p p .
53–59, 2009.
[40] D. Ortiz de Oru´ e Lucana, T. Schaa, and H. Schrempf, “The
novel extracellular Streptomyces reticuli haem-binding protein
HbpS inﬂuences the production of the catalase-peroxidase
CpeB,” Microbiology, vol. 150, no. 8, pp. 2575–2585, 2004.
[41] D. Ortiz de Oru´ e Lucana, P. Zou, M. Nierhaus, and H.
Schrempf, “Identiﬁcation of a novel two-component system
SenS/SenR modulating the production of the catalase-peroxi-
dase CpeB and the haem-binding protein HbpS in Strepto-
myces reticuli,” Microbiology, vol. 151, no. 11, pp. 3603–3614,
2005.
[ 4 2 ]P .Z o u ,M .R .G r o v e s ,S .D .V i a l e - B o u r o n c l e ,a n dD .O r t i zd e
Oru´ e Lucana, “Cristallization and preliminary characteriza-
tion of a novel haem-binding protein of Streptomyces reticuli,”
Acta Crystallographica F, vol. 64, pp. 386–390, 2008.
[43] D. Ortiz de Oru´ e Lucana, G. Bogel, P. Zou, and M. R. Groves,
“The oligomeric assembly of the novel haem-degrading
protein HbpS is essential for interaction with its cognate two-
component sensor kinase,” Journal of Molecular Biology,v o l .
386, no. 4, pp. 1108–1122, 2009.
[44] J. E. Nettleship, J. Brown, M. R. Groves, and A. Geerlof,
“Methods for protein characterization by mass spectrometry,
thermal shift (ThermoFluor) assay, and multiangle or static
light scattering,” Methods in Molecular Biology, vol. 426, pp.
299–318, 2008.
[45] D. Ortiz de Oru´ e Lucana, M. Roscher, A. Honigmann, and
J. Schwarz, “Iron-mediated oxidation induces conformational
changes within the redox-sensing protein HbpS,” Journal of
Biological Chemistry, vol. 285, no. 36, pp. 28086–28096, 2010.
[46] M. M. S. M. W¨ osten, L. F. F. Kox, S. Chamnongpol, F. C.
Soncini, and E. A. Groisman, “A signal transduction system
that responds to extracellular iron,” Cell, vol. 103, no. 1, pp.
113–125, 2000.
[47] S. Severance, S. Chakraborty, and D. J. Kosman, “The Ftr1p
iron permease in the yeast plasma membrane: orientation,
topology and structure-function relationships,” Biochemical
Journal, vol. 380, no. 2, pp. 487–496, 2004.
[48] K. Nishino, F. F. Hsu, J. Turk, M. J. Cromie, M. M. S.
M. W¨ osten, and E. A. Groisman, “Identiﬁcation of the
lipopolysaccharide modiﬁcationscontrolled by theSalmonella
PmrA/PmrB system mediating resistance to Fe(III) and
Al(III),” Molecular Microbiology, vol. 61, no. 3, pp. 645–654,
2006.
[ 4 9 ]Y .T a n ga n dJ .R .G u e s t ,“ D i r e c te v i d e n c ef o rm R N Ab i n d i n g
and post-transcriptional regulation by Escherichia coli aconi-
tases,” Microbiology, vol. 145, no. 11, pp. 3069–3079, 1999.
[50] S. Varghese, Y. Tang, and J. A. Imlay, “Contrasting sensitivities
of Escherichia coli aconitases A and B to oxidation and iron
depletion,” JournalofBacteriology, vol.185,no.1,pp.221–230,
2003.
[51] A. Atanassova and D. B. Zamble, “Escherichia coli HypA is a
zinc metalloprotein with a weak aﬃnity for nickel,” Journal of
Bacteriology, vol. 187, no. 14, pp. 4689–4697, 2005.
[52] L. Escolar, J. P´ erez-Mart´ ın, and V. De Lorenzo, “Opening the
ironbox:transcriptionalmetalloregulationbythefurprotein,”
Journal of Bacteriology, vol. 181, no. 20, pp. 6223–6229, 1999.